Abstract: Soil salinity caused by oil-production-water (brine) contamination is a major issue in regions of oil and gas development. However, rapid site assessment tools such as soil-to-water suspension electrical conductivity (EC) methods and conversion equations have not been previously calibrated and validated for brine-contaminated soils. Our objective was to compare three soil EC methods and derive conversion equations for EC values commonly observed at brine-spill sites. Brine-contaminated soils from western North Dakota were assessed for salinity. Electrical conductivity was determined using 1:1 and 1:5 soil-to-water suspensions (EC 1:1 , EC 1:5 ) and saturated paste extracts (EC e ). Soil EC equilibration times for soil-to-water suspensions were also assessed. Significant relationships (r 2 = 0.91 to 0.97, P < 0.0001) existed among all methods for EC values ranging between 0 and 126 dS m −1 . Conversion equations were developed based on these relationships and then validated with an independent data set. These new equations reduced EC e prediction errors by 2 to 4.5 times when compare with 14 predictive equations reported in the literature. The conversion equations developed here are recommended for use in remediation efforts when converting EC 1:1 and EC 1:5 data to EC e on brine-contaminated and noncontaminated soils where EC e is highly correlated to Na concentrations.
Introduction
Anthropogenic salinization due to oil-production-water (i.e., brine) spills is commonly experienced in areas of oil and gas development (Keiffer and Ungar 2002) . Brine-spill first responders and researchers often require rapid site assessment tools in the field, although common soil electrical conductivity (EC) meters operate below the higher EC values of brine-contaminated soils. Soilto-water suspension methods and their conversion equations to the preferred saturated paste extract EC (EC e ) are simple and effective tools that save time and effort during brine spill reclamation and research efforts. However, no calibration or validation of soilto-water suspension methods and their conversion equations for brine-contaminated soils are reported in the scientific literature.
Soil contamination from oil and geothermal production brines, with similar solution chemistries as those in North Dakota, have been reported in Kansas (Latta 1963) , Ohio (Munn and Stewart 1989) , Oklahoma (Atalay et al. 1999; Sublette et al. 2005 Sublette et al. , 2007 , Pennsylvania (Dresel and Rose 2010) , Texas (McFarland et al. 1987) , and California (Jury and Weeks 1978) . Oil and geothermal production brine is a concentrated mixture of dissolved salts, the most abundant being sodium chloride (NaCl) (Aschenbach and Kindscher 2006) . These brines can have an electrical conductivity (EC) up to four times greater than those observed in seawater (e.g., 200 dS m (ND DOH 2015) . Once brine has been released onto the soil surface, the soil becomes sterile and void of vegetation, which can persist for decades until the salts are reduced or removed (Murphy 1988) . Since the early 2000s, these spills have resulted in thousands of brine spill reclamation efforts that require effective and rapid site characterization tools. Many soil EC methods have been assessed in an effort to improve efficiency and reduce costs for determining soil salinity. Determining the extent of salinity using various soil-to-water suspension ratios (e.g., 1:1, 1:2, 1:2.5, 1:5, and 1:10 soil-to-water suspensions) is a more timeand cost-effective method as compared with using the standard saturated paste extract EC e (Sonmez et al. 2008; He et al. 2013) . Remediation strategies for brine spills rely on having accurate, reliable, and timely data so that the spill area can be delineated and contained, and so first-response remediation actions can be made. At present, most assessment strategies use saturated paste extracts and can take over 48 h to get results. Using soil-to-water suspensions with shorter equilibration and preparation times will drastically reduce the work and time involved in obtaining soil EC measurements. Soil testing laboratories and land-reclamation consultants in Australia and China commonly use the 1:5 soil-to-water suspensions as well as 1:1 soilto-water suspensions in the United States and Canada (Hogg and Henry 1984; He et al. 2013) . Sonmez et al. (2008) observed high correlations between EC e and the EC values of 1:1, 1:2.5, and 1:5 soil-to-water suspensions for soils in Turkey with a slightly better correlation using the 1:2.5 suspension.
A number of researchers have developed these methods and their conversion equations for naturally salinized soils by ground waters and salt-baring surface geology and not under the conditions of anthropogenic brine contamination. Furthermore, many scientists and environmental consultants determine soil EC of brinecontaminated soils in the field using portable conductivity meters. Most of these meters are limited in their EC measurement range (e.g., 0.1-20 dS m −1 ), although brine EC levels often exceed 200 dS m −1 (Keiffer and Ungar 2002) . The existing EC methods and conversion equations have been found to be reliable for a wide range of soil textures (sandy, loam, and clayey soils) and EC e values ranging from 0.1 to 227 dS m −1 (Hogg and Henry 1984; Zhang et al. 2005; Ozcan et al. 2006; Chi and Wang 2010; Khorsandi and Yazdi 2011) . However, since these conversion equations are calibrated and validated for naturally occurring soil salinity, the calibration ranges are often limited to EC e values between 0.1 and 25 dS m −1 (Hogg and Henry 1984; Ozcan et al. 2006; Sonmez et al. 2008; He et al. 2013) . The development and validation of conversion equations in the range of EC e observed in brine-spill sites are lacking (Zhang et al. 2005; Chi and Wang 2010) . One study successfully developed conversion equations for soils with EC e ranging from 1 to 227 dS m −1 for sodium (Na + )-based soils (Chi and Wang 2010) . However, their equations do not address an apparent heteroscedasticity as observed in another conversion equation study done on naturally occurring saline soils by He et al. (2013) . Another study on naturally occurring saline soils observed a strong correlation (r 2 = 0.98) between EC 1:1 and EC e for medium textured soils with an EC e ranging from 0.2 to 42.1 dS m −1 (Hogg and Henry 1984) . Sonmez et al. (2008) developed equations for converting EC 1:1 , EC 1:2.5 , and EC 1:5 to EC e using sandy, loamy, and clayey soils with soil EC e values ranging from 0.2 to 17.7 dS m −1 . The soils used by Sonmez et al. (2008) were treated with NaCl, KCl, and CaCl 2 solutions. However, conductivity factors are specific to ion species and associations (Tolgyessy 1993). Therefore, caution should be taken when using conversion equations if the general solution composition is not known. The reported differences in conversion factors (i.e., the slope factor of a linear model to predict EC e from a soilto-water suspension) of soil-to-water suspensions between 1:1 and 1:5 range from 3.84 to 5.56 (USDA 1954; Hogg and Henry 1984; Zhang et al. 2005; Ozcan et al. 2006; Sonmez et al. 2008) . In comparison, soil texture contributes a minimal influence on conversion factors with reported differences among soil textures ranging from 0.05 to 0.86 (Hogg and Henry 1984; Sonmez et al. 2008) .
The objectives of this study were to (1) determine the magnitude of soil EC e for nonremediated brine spills in North Dakota, (2) develop conversion equations among soil EC obtained from saturated paste extracts and 1:1 and 1:5 soil-to-water suspensions for the full range of observed soil EC e observed for objective 1, and (3) determine soil-to-water suspension equilibration times for brine-contaminated soils. A previous study in Canada indicates no substantial textural influences on conversion equation parameters (Hogg and Henry 1984) . Therefore, textural influences on conversion equations is not an objective of this study. We hypothesize that a new set of conversion equations can be developed under brine-spill conditions that will produce predictions of EC e with less errors than other equations previously reported in the literature and that do not require previous knowledge of soil texture.
We obtained soil samples across multiple soil depths at seven brine-spill sites in North Dakota, ranging in time since contamination, and determined four logarithmic conversion equations, including (1) conversion of EC 1:1 to EC 1:5 , (2) conversion of EC 1:5 to EC 1:1 , (3) conversion of EC 1:5 to EC e , and (4) conversion of EC 1:1 to EC e . By developing and validating conversion equations for soil EC values of brine-contaminated soils with a wide range of EC values (i.e., 1-126 dS m −1 ) and addressing the issues of heteroscedasticity, our study extends beyond the data currently cited in the scientific literature.
Materials and Methods
Soil samples (n = 110) were collected from seven sites in Bottineau and Burke Co., North Dakota, USA, in August 2014. Each site was the area of an unreclaimed brine spill from either recent (i.e., ≤5 yr since spill) or from older uncontrolled releases (i.e., >40 yr since spill). The seven sites varied in soil type (Table 1) , brine spill age and size, and historical land use. Soil samples were collected at each site from 0 to 15, 15 to 30, and 30 to (Table 1) . After collection, samples were air-dried, ground, and passed through a 2-mm sieve before analysis.
1:1 and 1:5 soil-to-water suspensions (EC1:1; EC1:5)
The 1:1 and 1:5 soil-to-water suspensions were made by adding together 10 g of soil and 10 mL of deionized (DI) water, and 5 g of soil and 25 mL of DI water, respectively. Then, the soil-to-water suspensions were equilibrated using a slightly modified procedure from He et al. (2015) . Each 1:1 and 1:5 suspension was manually stirred for 10 s with a glass stir rod, and allowed to equilibrate for at least 18 h, which is greater than the 8 h recommendation by He et al. (2012) . Longer equilibration times were used in this study to ensure complete NaCl dissolution. A subset of soil-to-water suspensions (n = 5) representing a large range of soil salinity were also analyzed for EC using 0, 0.17, 0.5, 2, 4, 8, and 18 h equilibration times to determine if and when an equilibration would occur. Each soil-to-water suspension was stirred with a glass rod for another 10 s before measuring EC. The 1:1 and 1:5 soil-to-water suspension (EC 1:1 and EC 1:5 , respectively) were then measured for EC using a Sension 378 conductivity probe (Hach Co., Loveland, CO, USA) which has an operating range of 0-199.9 dS m −1 .
Saturated paste extract
The saturated paste extracts were made by adding together 170 g of soil and DI water as described by Handbook 60 of the United States Department of Agriculture (USDA) (1954) . The soil and water mixtures were stirred with a modified drill press until the desired paste consistency was obtained as described in Handbook 60 (USDA 1954) . Similar to the 1:1 and 1:5 suspensions, the saturated pastes were allowed to rest for at least 18 h to reach a state of equilibrium. Extracts from the saturated pastes were acquired using the 413 VWR filter paper and a Buechner funnel under an applied vacuum. The electrical conductivities of the EC e were then determined using a Sension 378 conductivity probe (Hach Co., Loveland, CO, USA). Cation concentrations of the saturated paste extracts for determining sodium adsorption ratio (SAR) (i.e., Na, Ca, and Mg) were measured using an atomic absorption spectrophotometer (Model 200 A, Buck Scientific).
Equation development and validation
To describe the relationship between each EC extraction method, equations were developed for EC e vs EC 1:1 , EC e vs EC 1:5 , and EC 1:1 vs EC 1:5 using linear regression on samples obtained from four of the seven spill sites (n = 64). For the equation development, soil samples from all three depths were used from sites 2, 4, 6, and 7 to create equations that were robust enough to represent soils across sites, texture, and sample depth. Site characteristics are described in Table 1 . The validation was then performed with soil samples from all three depths from sites 1, 3, and 5. When comparing the raw EC e values to EC 1:1 and EC 1:5 , the relationships had an apparent curvilinear trend and heteroscedasticity during linear analysis. Therefore, all EC values were log 10 transformed prior to the regression analysis to gain linear relationships with homoscedasticity. Equations were then developed by EC e = 10 a (log EC 1∶1;1∶5 )þb (1) where a and b are fitted regression coefficients. The developed equations were then validated with an independent set of samples from the remaining three of the seven sites (n = 44) using RMSE and bias. The RMSE and bias were determined by
where N is the number of observations, EC i is the measured value, and EC p is the predicted value of EC 1:5 , EC 1:1 , or EC e based on the derived regression equations 4, 5, 6, and 7, respectively. Statistical analyses were performed using PROC Reg. in SAS ® statistical software (version 9.4, SAS Institute, Inc., Cary, NC). Nonlinear regression analysis was performed to determine relationships of EC e , EC 1:1 , and EC 1:5 to Na, Ca, and Mg concentrations in the saturated paste extract using the Sigma Plot (version 12.4, Systat Software, Inc., San Jose, CA).
Results

General soil properties and soil EC extract relationships
Soil ECs ranged from 0.2 to 11.5, 0.3 to 23.3, and 0.4 to 126 dS m −1 for EC 1:5 , EC 1:1 , and EC e , respectively (Tables 2   and 3 ). When determining equilibration times, EC 1:1 and EC 1:5 values, regression slopes were not significantly (P > 0.20) over time (Fig. 2 ). EC 1:1 and EC 1:5 values for all time periods were within the RMSE for the predicted vs measured EC e , indicating that soil-to-water suspensions can be analyzed for EC directly after 10 s of mixing. Saturated paste extract Na + and SAR values ranged from 1 to 828 mmol L −1 and 0.3 to 72 SAR, respectively (Tables 2 and 3 ). Saturated paste extract Na was highly correlated with soil EC e , EC 1:1 , and EC 1:5 values at coefficient of determination (r 2 ) values of 0.91, 0.86, and 0.86, respectively (Fig. 3) . In contrast, saturated paste extract Ca and Mg correlated poorly to all three soil EC methods with r 2 values ranging from 0.42 to 0.55 and 0.25 to 0.28, respectively (Fig. 3) . 
Validation of equations
The above conversion equations were validated against an independent dataset of different soils from the three remaining sites not used in developing and calibrating the equations (Figs. 4 and 5) . Validation RMSE values ranged from 1.8 to 15 and 4.2 to 16 dS m −1 using Values estimated from measured soil EC as described by Rhoades (1996) . Our newly developed equations were compared with 14 equations derived from nine other EC conversion studies (Fig. 6) . The same validation data set, as mentioned previously, was used for the comparisons. Among the equations developed here and the other 14 equations reported in the literature, our EC 1:1 and EC 1:5 conversion equations were the most accurate followed by the 1:5 soil-to-water ratio equation developed by Chi and Wang (2010) (r 2 = 0.94) at predicting EC e on brine-contaminated soils based on RMSE values. This was expected since Chi and Wang (2010) used soils with similar Na + content as the present study to develop their EC conversion equation. Therefore, their EC e is also likely to be highly correlated with Na content as in the present study (Fig. 3) .
Although the Chi and Wang (2010) equation performed well at high and low EC e values, the equation substantially overestimated EC e values in the 5-35 dS m −1 range, whereas our equations did not. As mentioned previously, their overestimations are likely due to the lack of homoscedasticity during their analysis. Equations developed by Hogg and Henry (1984) , Khorsandi and Yazdi (2011), and He et al. (2013) were the least accurate at predicting EC e from EC 1:1 and EC 1:5 values, with RMSE of 27.4, 24.6, and 27.3 dS m −1 , respectively. In contrast, Chi and Wang (2010) and our new equations for predicting EC e from EC 1:1 and EC 1:5 values were the most accurate, with RMSE of 7.63 and 6.13 to 7.62 dS m −1 , respectively (Table 4) . With the exception of the Chi and Wang (2010) equation, all other equations produced RMSE of 2-4.5 times greater than those observed for the equations 6 and 7 presented in this study.
These differences in RMSE among equations are likely due to the soils of other studies being dominated by calcium-, magnesium-, and sulfate-based salts and therefore different ion associations as compared with the soils evaluated in this study. Solutions with more ion associations have less conductivity because they have more neutral ion species complexes and less free species with positive charge. Sulfate-based salts have a high capacity to pair with other cations compared with NaCl-based salts (Essington 2004) . All other equations were somewhat accurate at low EC e values, but then consistently underestimated EC e as values increased. It is apparent from these under-and overestimations that the previously established EC conversion equations reported in the literature are not reliable for estimating EC e of brine-affected soils (i.e., soils with EC e highly correlated to NaCl salts). In contrast, the conversion equations developed in this study are a significant improvement for predicting EC e from EC 1:1 and EC 1:5 values for brinecontaminated soils than previous equations reported in the literature.
Researchers and land managers can make any of these soil-to-water suspensions with equal time and effort. The equal efforts to make the suspensions and the high correlation of all soil-to-water suspension to EC e demonstrate the arbitrary nature of each soil-to-water ratio. Although arbitrary, greater errors can occur in predicting EC e as the difference between soil and water in suspensions increases if suspensions are prepared by increasingly smaller soil quantity. In other words, if the soil sample used to create a suspension decreases below a representative soil sample, then repeatability of the results is sacrificed. 
A B Calibration Validation
Soil textural differences can affect soil EC values in soil-to-water suspensions (Hogg and Henry 1984; Sonmez et al. 2008) . As expected, small differences were seen in RMSE values when using previously published EC conversion equations based on texture with our measured EC e , EC 1:1 , and EC 1:5 values (Table 4) .
The RMSE values for coarse, medium, and fine textured soil equations developed by Hogg and Henry (1984) varied by only 18% (Table 4) . Improvements in conversion equation accuracy might be gained by differentiating soil's by texture; however, these potential improvements do not appear to be warranted for the soils used Note: RMSE, root mean square error; EC, electrical conductivity; N/A, data not available.
in this study. The new conversion equations presented here reduced errors by 2 to 4.5 times as compared with other equations reported in the literature without the need for prior knowledge of the soil texture. These new conversion equations will be applicable to soils contaminated with NaCl-dominated brines as well as NaCl-based naturally occurring soil salinity due to deep ground water seeps. As these equations are valid for soil EC e from 0.4 to 126 dS m −1 , they can be used for soils classified as both saline and nonsaline. However, if brine-contaminated soils contain significant quantities of other dissolved salts (e.g., Ca-, Mg-, and SO 4 2− -based salts) and the EC is not well correlated with NaCl, then ion pairing can result in conductivity factors that differ from NaCl. In these cases, the new conversion equations may overestimate EC e and not be applicable for such soils ( Fig. 6; Table 4 ).
Conclusions
The relationships between all EC methods were highly correlated (r 2 = 0.91-0.97, P < 0.0001), indicating strong evidence that EC e of soils contaminated with NaCldominated brine can be accurately estimated from EC 1:1 and EC 1:5 values using the newly developed conversion equations in this study. Based on model validations, using EC 1:1 to convert to EC e had the smallest RMSE values. Therefore, if possible, the EC 1:1 method should be used when evaluating soil salinity levels. However, both EC 1:1 and EC 1:5 equations reduced errors by 2-4.5 times as compared with other conversion equations listed in the scientific literature. Additionally, EC 1:1 and EC 1:5 values did not significantly change as equilibration times increased after the initial mixing of water and soil. The EC 1:1 and EC 1:5 values for all time periods were within the RMSE for the predicted vs measured EC e , indicating that accurate measurements of EC 1:1 and EC 1:5 can be obtained immediately after 10 s of mixing. These newly derived equations and equilibration times will allow environmental consultants, remediation specialist, and research scientists to assess the salinity of brine-contaminated soils more accurately and timely than previous equations reported in the literature.
In summary, soil salinity from NaCl-based brine contamination, or naturally occurring soil salinity that is highly correlated with Na, can be accurately assessed for EC e values between 0 and 126 dS m −1 using the EC 1:1 and EC 1:5 methods and conversion equations presented here. These methods require minimal time between mixing of soil-to-water suspensions and subsequent measurement with an EC meter. Future research should include the evaluation of soils where EC e is strongly correlated with multiple ions. Such soils could represent naturally occurring saline areas innately influenced by Ca-, Mg-, and SO 4 2− -based salts that then are subject to NaCl-based brine contamination.
